A surface magnon-polariton can be excited by both p-and s-polarized light if at least one of the layers is a magnetic material. We present general expressions of the tangential wave vectors of s-and p-polarized light at an interface of two media. Analysis reveals additional new regimes of surface polariton resonances with magnetic materials for s-and p-polarized light. The tangential wave vectors are found to be equal in magnitude to the normal wave vectors at surface polariton resonances. The spatial distributions of the fields at resonant enhancement and the spectra of the tangential wave vectors are studied for different dielectric permittivities and magnetic permeabilities of the two media. If one of the media has dispersive dielectric function and permeability function, additional surface polariton resonance peaks appear for both s-and p polarizations. For a medium with a superconductor, the tangential component increases asymptotically at lower frequencies, providing subwavelength capability at the terahertz regime.
INTRODUCTION
Surface plasmon-polaritons (SPPs) have promising potential for realizing compact optical circuits in next-generation compact optoelectronic systems integrated with nanoplasmonic components [1] , semiconductor lasers with plasmonic polarizers [2] and plasmonic collimation that produces light beams with small divergence [3] , and sensitive photodetectors using plasmonic lenses [4] . Low-threshold, low-current operation of semiconductor lasers and optical devices is needed. Nanosystems, e.g., quantum dots, are promising for these purposes, while nanoplasmonics and/or metamaterials provide large optical nonlinearity through the field enhancement effect.
An SPP can be excited through sculptured thin film [5] , a corrugated surface, triangular grooves, or wedges [6] . Recently, SPPs have been incorporated into metamaterials [7] that mimic the permeability of magnetic materials. Some remarkable effects of SPPs are field enhancement, the subwavelength effect [8] , superresolution [9] , efficient guiding [10] , and tight focusing [11] . SPPs also affect light-matter interactions, such as photoelectron generation [12] . They enhance the photoelectric effect [13] , multiphoton ionization [14] , and acceleration of electrons [15] . The strong coupling [16] between SPPs and atoms enhances light emissions [17] , nonlinear optical interactions [18] , and pulse propagation [19] , and alters the dynamics of interactions with femtosecond lasers [20] .
SPPs also modify the Casimir energy [21] and the radiation force [22] , causing dispersion anomalies in electron diffraction on metallic gratings [23] . Nanoparticles of various structures [24] use SPPs for chemical sensing [25] . Recent works have shown that SPPs can help photons squeeze through subwavelength holes [26] and transmit entangled photons [27] . Their subwavelength diffraction and extraordinary transmission through small apertures led to high resolution near-field microscopy [28] . Suitable designs of structures with SPPs are useful for optical trapping [29, 30] and laser cooling [31] . Collective excitations of plasmons [32] , stimulated emission [33] , and plasmonic lasing [34] are also enhanced by SPPs.
Surface phonon-polaritons (SFPs) and surface excitonpolaritons (SEPs) (the counterparts of dielectric and semiconductor SPPs in metals) have been widely explored in the context of thin films and multilayers [35] . A number of works have shown that magnetic materials can excite surface magnon-polaritons (SMPs), i.e., strong coupling of photons to quantized magnetization waves due to collective spins [36] . Ruppin showed that surface polariton can exist for both s-and p-polarized light in left-handed metamaterials [37] , but damping (imaginary parts) was neglected. Excitation of SMPs in gyromagnetic materials and anisotropic antiferromagnetic crystals have been discussed by Hartstein et al. [38] and Arakelian et al. [39] , respectively. The presence of magnonpolaritons was demonstrated in a YIG slab using the attenuated total reflectance technique [40] . The dispersion relations for magnetic polaritons have been obtained for anisotropic systems, such as ordered ferromagnetic slabs [41] and uniaxial antiferromagnets [42, 43] . It has been shown that spolarized (TE) optical waves can propagate at the interface of media with negative refractive index and negative dielectric constant of low-dimensional nanowaveguides [44] . However, the underlying theory (with magnetic materials) was not given. Despite these works, the recent boom in the field of plasmonics has been predominantly based on the p-polarized light fields to excite surface plasmon resonance (SPR) at the interface of dielectric and metallic media, while the use of s-polarized light with magnetic materials is not so popular.
In this paper, we analyze the new regimes in the dispersion property and the modes (s and p polarizations) of surface waves propagating between two media with at least one with magnetic permeability that differs from unity. We present the underlying theoretical expressions for the wave vectors and field distributions across two media with arbitrary materials. The theory is generally valid in the entire electromagnetic spectrum, but we focus on the optical regime due to potential attractive applications in optical technologies. The theory provides insights for studying the spectrum of the surface polaritons formed by various combinations of metallic, dielectric, and magnetic materials where SMPs exist, in addition to SFPs, SEPs, and SPPs. Although dielectric and/or metallic materials can coexist, the magnetic material or metamaterial with effective permeability is the main component needed to show the new regimes/possibilities provided by SMPs.
Let us first analyze the surface polariton regimes as summarized in Fig. 1 . In the case of using only dielectric materials with single interface shows the new regimes where surface waves also exist for an s-polarized field when the materials are both dielectric and magnetic. The red solid lines in the second (fourth) quadrant show that s-polarized light can excite surface waves with large wave vectors if the materials are slightly magnetic, such as paramagnetic and ferromagnetic insulators [38] , provided that Re μ 1 and Re μ 2 are almost equal in magnitude but with the same (opposite) sign, while Re ε 1 and Re ε 2 have opposite (same) signs. Similarly, the green dashed lines in the second (fourth) quadrant show that a p-polarized surface polariton with an enhanced wave vector can also be excited if the materials are slightly dielectric, provided Re ε 1 and Re ε 2 are almost equal but with opposite (same) signs while Re μ 1 and Re μ 2 have the same (opposite) sign.
FIELDS AND WAVE VECTORS OF SURFACE POLARITONS
We consider a plane wave traversing the interface between medium 1 and 2 on the x-y plane. 
where Φ λ j x; y k λ x x k λ jy y. Since the two vector fields are orthogonal, there would be no interference between the two in the total intensity jE j j 2 . An interesting effect of the surface polariton enhancement is that a circularly/elliptically polarized light becomes almost linearly y-polarized light, since
By applying the continuity of the tangential components (i.e., on the x-z plane) for the E field and the H field, when there is no reflected field, we have
2) the tangential wave vector for spolarized light is found:
which reduces to k s x ω c ε 1
q when ε 1 ε 2 , in close analogy to the usual expression for p polarization. Similarly, for p-polarized light, the continuity of the fields along the x direction gives
and the tangential wave vector is
which reduces to the famous formula k p x ω c ε 1 ε 2 ε 1 ε 2 q for nonmagnetic materials when μ 1 μ 2 1. Equation (3) generalizes the usual plasmonic enhancement for p polarization to magnetic materials, while Eq. (2) is obtained by interchanging μ and ε. Both wave vectors are zero when ε 1 μ 2 μ 1 ε 2 .
Equations (2) and (3) form the central results to be discussed in subsequent sections. The normal wave vectors follow as
where j 1; 2. We show below that the tangential wave vector k x and the normal wave vector k jy have equal magnitude at surface polariton resonances. 
REGIMES OF SURFACE POLARITON RESONANCES
We consider (below) the limiting possibilities when both μ μ r iμ i and ε ε r iε i are approximately (a) real and (b) imaginary, and show that the resulting tangential wave vector is real, describing a propagating surface polariton. Approximate relationships between k x , the tangential wave vector, and k jy the normal wave vector, can be found when k x is enhanced by surface polariton resonance.
A Fig. 1 . Let us analyze the new resonance regimes, particularly due to the bracketed terms of Eqs. (2) and (3).
Second Quadrant (in Fig. 1 
Note
which is essentially Eq. Fig. 1(b) . The normalization factor is λ 2πc ∕ ω, where ω 8 × 10 13 s −1 . Note that the E z field is continuous along y 0 but the E x field need not be continuous (the scale is 10 times larger).
Second Quadrant. If ε 2 and ε 1 have opposite signs, i.e., δ e ε 1 ε 2 ≃ 0 , while μ 2 and μ 1 have the same sign (assuming ε 2 > 0) we have, similar to Eq. (7),
B. μ and ε are Mostly Imaginary Here, μ i ≫ μ r and ε i ≫ ε r . So, the denominator of k s x may be approximated as
Similarly, for k p x . Therefore, the tangential wave vectors have expressions similar to that of Eqs. *2) and (3), except there is a negative sign:
The expression for k p x is obtained from Eq. (10) by interchanging μ and ε. Thus, the discussions above for real μ and ε apply, except that the numerator is ε
To summarize, the tangential wave vector for s-polarized light is finite for magnetic materials, according to Eqs. (6) and (7). Magnetic materials also give surface polariton resonant enhancement for s polarization [Eq. (6)] just like metallic materials give plasmonic enhancement in p polarization. In addition, magnetic materials also give new regimes of the enhancement effect for p polarization, based on Eq. (8) . These analyses show that metals are not the only means for achieving surface enhancement effects. Thus, plasmonics can be extended to magnonics, by using magnetic materials and also metamaterials whose magnetic response can be tailored structurally using nonmagnetic materials.
FIELD DISTRIBUTIONS
We show what the field distribution of the surface polariton looks like and how it can be achieved with one of the two possible polarizations. In Fig. 2, medium 1 is a nonmagnetic dielectric [μ 1 1 with ε 1 5 (e.g., glass) ] and medium 2 is paramagnetic [μ 2 1.008 with ε 2 1 (e.g., FeO)], corresponding to the second quadrant in Fig. 1(b) . The permeabilities with nearly equal magnitudes provide the propagating feature of the surface polariton for s-polarized light; i.e., the Re E z oscillates rapidly across the x direction, corresponding to a large real tangential wave vector k s x , but decays along the y direction away from the interface due to imaginary k s jy . For Fig. 3 , medium 1 is a ferromagnet (ε 1 1 with μ 1 4 (e.g., AlNiCo), while medium 2 is almost pure diamagnetic (ε 2 1.009 at 13 eV with μ 2 −3 (e.g., mercury [45] ), corresponding to the fourth quadrant in Fig. 1(b) . Here, the surface propagation feature is shown by the p-polarized field or E x corresponding to a large k p x . The tangential z component of the E field is always continuous. However, the x component of the E field is not continuous (it is the H x that is continuous). The field distribution around the interface shows large surface enhancement of 
are more rapid (with period 2π ∕ k s x ) than the oscillations for E x , since k s x is enhanced. The tangential component of the E field, i.e., the E z , is continuous. However, the tangential x component, E x need not be continuous (see Fig. 2) . It is the H x that must be continuous for s-polarized light.
The case of p polarization also shows enhancement in the tangential wave vector k p x (Fig. 3) . For small jδ e j, the oscillations for E x across the x direction are more rapid (with period 2π ∕ k p x ) than the oscillations of E z , since, here, the k p x is enhanced, instead. Also, the E z is continuous while E x is not continuous, similar to the case of s polarization in Fig. 2 .
DISPERSIONS OF SURFACE POLARITONS
To study the effects of dispersions in SMR and SFR, we model the dielectric permittivity ε and magnetic permeability μ using [35, 46] 
with single resonances ω α of line widths γ α and oscillator strengthsω α (α ε, μ). The εω in Eq. (11) describes the dispersion of typical dielectric material due to phonon-polaritons and μω gives the magnetic response of typical metamaterials with single resonance. Interesting double resonance spectra are found in the tangential wave vectors when one of the media is filled with dispersive dielectric and magnetic materials, modeled by Eq. (11) . For dispersive dielectric ε 2 ω and a constant positive permeability μ 2 5, Fig. 4 shows only a single resonant peak for s polarization around ω ε 1.32 × 10 14 s −1 (the resonance of ε 2 ω), while, for p polarization, the peak is at a higher frequency ω However, when μ 2 is also dispersive with resonance close to the resonance of ε 2 , there is a negative refractive index region around the resonance. Figure 5 shows two peaks corresponding to two roots in the denominator of k . We may deduce that the coexistence of the dielectric dispersion in ε 2 ω and the magnetic dispersion in μ 2 ω give rise to the second peaks in the spectra of k x for s and p polarizations.
Finally, Fig. 6 shows a remarkable effect of using superconducting material. The s-polarization wave vector is large for small frequency, enabling superresolution at terahertz frequency range ω Fig. 5 , also creates the second peaks for the s-and p-polarization cases. The effect of SPR is modeled by the dielectric function of metals, which includes both conductors and superconductors [48] :
where f n n n ∕ n 0.2 is the normal (n) fluid fraction, f n n n ∕ n 0.8 the superfluid fraction, with n n s n n as the total electron number density, 
CONCLUSIONS
To conclude, we have analyzed the surface polariton enhancement of the tangential wave vector for s-and p-polarized light. If the materials are both dielectric and magnetic, μ i , ε i ≠ 1, the s-polarized light can also excite the propagating surface modes, not just the p-polarized light. The requirement for enhancement is that either the μ or the ε has opposite signs in the two media. Two or more types of surface polariton (SMP, SFP, SEP, or SPP) can coexist. The expression of the tangential wave vector for s polarization is completely symmetrical to that of the p polarization, due to the symmetry between the electric and magnetic responses in the Maxwell equations. Given the expressions of the wave vector for p polarization, we obtain the results for s polarization by interchanging the magnetic permeability μ and electric permittivity ε. The presence of dispersion with a resonance in μ gives rise to an additional peak in the spectrum of k x for both polarizations. The use of magnetic materials extends the field of plasmonics to magnonics. Instead of using metals in the region of negative permittivity ε, we could use magnetic materials or engineered metamaterial with negative μ [expression given by Eq. (11)]. The main novelty is that SMP opens up surface polaritons in the new regimes discussed above. SMP can now be realized artificially with metamaterials through microstructural and nanostructural engineering. The use of magnetic materials enables all physical features of plasmonics to be mapped into magnonics with one-to-one correspondence. Finally, there are new technological possibilities with the significant impact of using magnetic materials in addition to metallic and dielectric materials. For example, magnetic recording (data storage) and spintronics devices can merge with photonic circuits where SMPs serve as efficient information carriers and processors. Actual parameters have been used to model the dispersions of the materials, enhancing the prospect for applications. 
